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Abstract: The aim of this research was to investigate the validity of the Krieger–Dougherty model as a quantitative model to
predict the viscosity of mortar depending on various aggregate sizes. The Krieger–Dougherty model reportedly predicted the
viscosity of a suspension, which includes cement-based materials. Concrete or mortar incorporates natural resources, such as sand
and gravel, referred to as aggregates, which can make up as much as 80% of the mixture by volume. Cement paste is a suspending
medium at fresh state and then becomes a binder to link the aggregate after its hydration. Both the viscosity of the suspending
medium and the characteristics of the aggregates, therefore, control the viscosity of the cement-based materials. In this research,
various sizes and gradations of ﬁne aggregate samples were prepared. Workability and rheological properties were measured using
fresh-state mortar samples and incorporating the various-sized ﬁne aggregates. Yield stress and viscosity measurements were
obtained by using a rheometer. Based on the packing density of each ﬁne aggregate sample, the viscosity of the mortar was
predicted with the Krieger–Dougherty model. In addition, further adjustments were made to determine the water absorption of ﬁne
aggregates and was transferred from successful experiment to simulation for more accurate prediction. It was also determined that
both yield stress and viscosity increase when the ﬁne aggregate mean size decreases throughout the mix. However, when the mean
size of the ﬁne aggregates is bigger than 0.7 mm, the yield stress is not affected by the size of the ﬁne aggregate. Additionally, if
aggregate grains get smaller up to 0.3 mm, their water absorption is critical to the rheological behavior.
Keywords: mortar, rheology, viscosity, ﬁne aggregate, grain size, Krieger–Dougherty equation.
1. Introduction
Viscosity is deﬁned as resistance to ﬂow of ﬂuid under
shear stress and taken as the ratio between the shear stress
and shear rate (George and Qureshi 2013). Viscosity helps
prevent segregation during handling processes such as
delivering, and placing for cementitious materials such as
mortar or concrete (Khayat 1995). In a concrete mixture, the
segregation of coarse aggregate is dominated by the vis-
cosity of mortar. To achieve a high performance on its
strength and durability, securing the viscosity for a
stable mix becomes more important. On the other hand, an
unstable supply of river sand and gravel due to the depletion
of natural resources results in the use of various types of
coarse and ﬁne aggregates, which include crushed, manu-
factured, recycled, or marine aggregates. Their physical
properties including shape, size, texture, and grading
including micro-ﬁnes can vary signiﬁcantly from the refer-
ence state of aggregates that originated in a river. Even
though they marginally satisfy the standard of aggregates, its
poor quality causes difﬁculty in mix proportioning (Bairagi
et al. 1990; Goltermann and Johansen 1997). Also the
physical properties of the aggregate affect the performance
of concrete and especially dominate workability in its fresh
state (Erdog˘an and Fowler 2005; Westerholm et al. 2008;
Nanthagopalan and Santhanam 2011; Wallevik and Wallevik
2011; Quiroga and Fowler 2004; Mahmoodzadeh and Chi-
diac 2013). Therefore, evaluating the aggregate effect on the
viscosity of freshly mixed cementitious materials allows us
to control and guide the selection of the proper type of
aggregates.
Based on the idea of coarse aggregates suspended in
mortar, the viscosity of mortar dominates the segregation
resistance and rheological behavior of the concrete mixture.
Predicting viscosity of mortar, composed of ﬁne aggregate
and cement paste goes back to the principles behind aggre-
gate particles suspended in cement paste (Erdem et al. 2010;
Hidalgo et al. 2009; Toutou and Roussel 2006). This study
analyzes the size effect of ﬁne aggregates on the viscosity of
the mortar. For this portion of the study we tested mono-
sized sands with 10 different diameters, which were mixed
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with a constant proportioning ratio. Blending the mono-sized
sands required gap grading and controlled packing density of
ﬁne aggregates (Goltermann and Johansen 1997; Park et al.
2004). The second research objective focuses on the effect of
packing density and the associated rheological properties of
the mortar samples. The third objective is to determine the
effect of aggregates size on their water absorption and the
subsequent viscosity of mortar mixtures.
2. Materials and Sample Preparation
2.1 Mortar Samples
The ﬁne aggregate used was natural river sand, which had
various particle size distributions. A control sample was
made up of natural river sand generally used for concrete
mix proportioning. Table 1 reports the sieve test results
obtained by ASTM C136 (ASTM International 2006), and
the grading curve was within the recommendation range for
concrete mix. The mean size and ﬁneness modulus of the
control sand sample were 0.71 mm and 2.39, respectively.
The speciﬁc gravity was 2.60. The other samples were
prepared by controlling the size of sand grains. Two sets of
sieves were used for this experiment: (1) A set of sieves from
ASTM C136 standard, reported in Table 1, and (2) a set of
sieves for further detail analysis with opening sizes of
2.00 mm (No. 10), 0.85 mm (No. 20), 0.43 mm (No. 40),
0.25 mm (No. 60), and 0.15 mm (No. 100). The two sets of
sieves handled 10 different size sand samples. The mono-
size sand samples were prepared with retained sand on each
sieve following the test for each set of sieves. For instance,
using the ASTM C136 sieve set, the mean size of the sand
sample retained on No. 16 sieve was calculated by averaging
the opening sizes of the No. 8 sieve and No. 16 sieve, which
determined a mean size of 1.77 mm and an error bound of
±0.59 mm. The sand samples prepared with two sets of
sieves are summarized in Table 2 with the samples’ funda-
mental properties. G samples were composed mono-sized
grains having a mean designated mean size. M 1.33, M 1.04
and M 0.66 samples were produced by mixing (1) G 1.77
and G 0.89; (2) G 1.77, G 0.89 and G 0.45; and (2) G 0.89
and G 0.45, respectively. They were mixed using a ratio of
1:1 or 1:1:1 by mass.
Depending on the gradation of sand samples, packing
density varies, and a mixed sand sample is expected to have
a higher packing density. The packing density is the main
factor used to determine the viscosity in the Krieger–
Dougherty model (Wildemuth and Williams 1984; Kho-
dakov 2004). For mortar, under this research scope, in which
the mortar is a suspension of ﬁne aggregate to cement paste,
the packing density of each dried sand sample was measured
by following method:
1. Fill the ﬁne aggregate sample in a 1-L steel cylinder and
measure its weight. The ﬁne aggregate sample should
then be fully packed using a rubber hammer and the
surface leveled.
2. Calculate the volume of the ﬁne aggregate sample by
dividing the weight measured from the previous step by
the density of the ﬁne aggregates. The volume occupied
by the ﬁne aggregates, per unit volume, would be the
packing density. Consequently, the maximum ﬁllable
volume ratio of ﬁne aggregates can be obtained for each
sample. The measured packing density value of each
sample is summarized in Table 2.
The densest packing of uniform spheres is given by closed-
packing microstructures. Face centered cubic (FCC) or
hexagonal close packing (HCP) generates the highest packing
density, p/3H2 = 0.74. In contrast, Song et al. (2008) ana-
lytically determined that random close packing (irregular or
jammed packing) does not exceed the value of 0.634. The
experiment in this study corresponds to the case, and the
margin of the spherical diameter in Table 2 addresses the
excess of jammed packing. With a margin larger than
±0.2 mm, G 1.77, G 1.43, G 0.89 and G 0.64 exceeded the
maximum jammed packing. Thus, the mixed samples and the
river sand certainly increased the packing beyond the limit.
The sieve test required oven-dried sand samples; however,
when the sand sample is mixed with cement paste as a
mortar, the oven-dried sand sample absorbs the mixing
water. Hence, it was necessary to determine the absorption
rate to calculate the saturated but surface dry (SSD) condi-
tion of each sample. Furthermore, since smaller sizes of ﬁne
aggregates have higher speciﬁc surface areas, ﬁne aggregate
samples with the smaller mean size absorbed more water
than the larger ﬁne aggregates. This relates to the solid
Table 1 The result of sieve analysis of 1000 g sand sample.
Sieve no. Sieve size (mm) Percent passing (%)
4 4.75 100
8 2.36 97
16 1.18 90
30 0.6 56
50 0.3 16
100 0.15 2
Pan – –
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concentration of mortar and its need for a water-to-cement
ratio. When this ratio is properly applied, it gives the mortar
a higher yield stress and viscosity. The absorption ratio of
each ﬁne aggregate sample was evaluated based on ASTM
C128 (ASTM International 2015). Table 2 lists the ﬁne
aggregate samples’ absorption rates. The absorption ratio
increased as the mean size of the ﬁne aggregate sample
decreased, as expected. Notably, for G 0.34, about 7.26% of
the highest absorption was observed.
For all mortar mixtures, the mix proportion was manually
selected to show a rheological behavior sensitive to the
aggregate condition. The water-to-cement ratio and sand-to-
cement ratio were ﬁxed to 0.45 and 1.2, respectively. The
volume fractions of water, cement, and sand were then
0.366, 0.259, and 0.375, respectively. Commercially avail-
able ordinary Portland cement was used, which is equivalent
to the Type I cement of ASTM C150 (ASTM International
2012). According to the information provided by the man-
ufacturer, the speciﬁc gravity of the cement was 3.14 and the
Blaine value was 335 m2/kg. The chemical composition of
the cement used is shown in Table 3. A high-range water-
reducing admixture (HRWRA) was added to remove yield
stress effect from mini slump ﬂow and channel ﬂow tests of
the samples. The HRWRA dosage was 0.6% by cement
mass, and was a polycarboxylate-based solution with a solid
content of 22%. Additionally, to prevent excessive bleeding,
0.1% by cement weight of viscosity modifying admixture
(VMA) was added. All used chemical admixtures are com-
mercially available products in South Korea. For mortar
mixing, a 5 L planetary mortar mixer was used. Figure 1
shows the mixing protocol. As the ﬁrst step, all materials
were placed in a mixing bowl and mixed at the ﬁrst (low)
speed for 2 min. When resting for 1 min and during this
interval, the materials on side of the mixing bowl was
scraped down by a scraper. For the ﬁnal mixing, the
materials were mixed at the second speed for 2 min fol-
lowing discharge and prepared for testing within 4 min.
Hence the mortar samples were tested 9 min after water
contact with the cement.
3. Tests Results
3.1 Workability of the Mortar Samples
To evaluate the workability of fresh state mortar depend-
ing on the sand size, mini-slump ﬂow test and channel ﬂow
test were conducted. Basically, the mini-slump ﬂow test was
executed with the same method of ASTM C1611 (ASTM
International 2010), but a smaller cone mold was used for
the mortar consistency test. The dimension of the mini-
slump cone is 70 mm-diameter at the top and 100 mm-di-
ameter at the bottom with a height of 50 mm. The channel
ﬂow test measure the one-sided ﬂow of a cube sample
having 100 mm on each side (Kim et al. 2014, 2015, 2017).
For both tests, the measured data was (1) ﬂowing distance
and (2) the time duration until ﬂowing stopped.
Table 4 reports the results of the mini-slump ﬂow and the
channel ﬂow methods, where the ﬁne aggregate size effects
on the mortar workability is found. Generally, as the mean
size of ﬁne aggregate decreased, both ﬁnal ﬂow distance and
stoppage time duration also decreased. This trend was con-
ﬁrmed within a lower range of 0.89 mm (the mean particle
size of G 0.89), and no clear trend was observed with coarser
particles. For mixed ﬁne aggregate samples, the undisturbed
workability was also found on the M 1.33 and M 1.04
samples which have a bigger mean size of ﬁne aggregate
than G 0.89. Meanwhile, M 0.66 achieved a smaller mean
size, a higher mini-slump ﬂow and a longer stoppage time,
as expected. Therefore, it is concluded that because the ﬁne
aggregates consist of smaller particles, the ﬂuidity is
Table 2 Fundamental properties of the ﬁne aggregate samples.
Sample Mean size (mm) Error bound (mm) Packing density Absorption ratio (%)
G 1.77 1.77 ±0.59 0.645 2.32
G 1.43 1.43 ±0.58 0.656 1.97
G 0.89 0.89 ±0.29 0.644 1.93
G 0.64 0.64 ±0.21 0.640 3.49
G 0.45 0.45 ±0.15 0.633 3.50
G 0.34 0.34 ±0.09 0.626 7.26
M 1.33 1.33 – 0.662 1.83
M 1.04 1.04 – 0.683 4.88
M 0.66 0.67 – 0.671 2.99
Sand 0.71 – 0.695 2.59
Table 3 Chemical composition of ordinary Portland cement.
Oxide CaO SiO2 Al2O3 Fe2O3 MgO SO3 K2O Na2O TiO2
Content (%) 65.47 17.71 4.50 3.37 3.29 3.44 1.11 0.16 0.31
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decreased, so viscosity (deﬁned as the invert of ﬂuidity in
rheology) increased. Note that no matter what the mean size
of the ﬁne aggregates, the well-graded ﬁne aggregates can
have a good ﬂuidity and a high resistance to aggregate
segregation. Additionally, the ﬁne aggregate samples com-
posed of a bigger mean size (1.43 mm or mean particle size
of G 1.43), are susceptible to segregation due to their
homogeneous grading even though they had a higher mini-
slump ﬂow indicating good workability.
3.2 Rheology of the Mortar Samples
To measure the rheological properties of the mortar sam-
ples, their ﬂow curves were measured using a commercial
rheometer from Thermo Scientiﬁc Inc. with a building
materials cell (BMC) unit. Generally, a rotational viscometer
(or rheometer) measures torque during rotation of a coaxial
cylinder rotor. In the case of mortar, however, a larger size of
ﬁne aggregate causes a slip on the surface of the cylinder
rotor and the inner wall of the outer cylinder (cup), which
sometimes results in plug ﬂow around the rotor. The BMC
used in this study had a vane rotor and slits on the inner wall
to prevent slip and plug ﬂow. Figure 2 shows the structure
and dimension of rotational viscometer. The inner diameter
of the cylinder was 74 mm, and the rotating diameter of the
vane was 50 mm. The sample was ﬁlled to about 130 mm in
height and the torque was measured at programmed rota-
tional speeds. The programmed rotational speed protocol is
as follows: The rotational speed was increased by 0.8 rota-
tion per second (rps) increments until it reached 8.0 rps.
Each rotational speed stage was maintained for ﬁve seconds.
After reaching 8.0 rps, the rotational speed was decreased by
0.8 rps increments until 0 rps. From these step-up and step-
down protocols, two ﬂow curves (up curve, and down curve)
were obtained (Ferron et al. 2007). In this study scope, there
was no difference between up and down curves, which
means there was no thixotropy within 2 min of the mea-
suring period cessation.
The BMC used in this research had a wide-gap cylindrical
geometry; thus, a linear shear rate on the radial direction
could not be applied on the measured samples. Furthermore,
a Bingham ﬂuid like the mortar samples in the zero-shearing
zone can occur near the wall of the cylinder. In this case, the
Reiner–Riwlin equation (Koehler and Fowler 2004) sepa-
rately considers whether the sample in the viscometer ﬂowed
for the entire range or the sample in the viscometer only
partially ﬂowed. When a Bingham ﬂuid ﬂows for the entire
range, the relation between torque and rotational speed is
expressed as follows:
X ¼ T
8p2hlp
1
R21
 1
R22
 
 sy
2plp
ln
R2
R1
 
ð1Þ
where X is the rotational speed (rps), T is the torque
measured (N m), h is the height of the vane, R1 is the radius
of the vane, and R2 is the inner radius of the cylinder. The
yield stress and plastic viscosity of the Bingham ﬂuid model
is then obtained from the slope and x-intercept of Eq. (1).
The existence of dead zone (no shear ﬂow) near the inner
wall of the container changes the relationship as follows:
X ¼ T
8p2hlp
1
R21
 2phsy
T
 
 sy
4plp
ln
T
2phsyR21
 
ð2Þ
Under these conditions, the yield stress and the plastic
viscosity cannot be calculated unless the measured data
points are ﬁtted using a nonlinear optimization method.
Fig. 1 Mixing protocol for mortal mixing.
Table 4 Workability tests results.
Sample Mini-slump ﬂow Channel ﬂow
Flow (mm) Tf (s) Flow (mm) Tf (s)
G 1.77 280 30 830 70
G 1.43 280 27 740 96
G 0.89 270 23 630 70
G 0.64 240 22 680 88
G 0.45 230 13 500 90
G 0.34 120 8 310 30
M 1.33 290 60 690 110
M 1.04 270 60 620 80
M 0.66 290 60 700 120
Sand 260 26 750 78
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Figure 3 shows the ﬂow curves of four representative
samples. In the graph, the points are the rheological mea-
surements at each rotational speed, and the dashed lines
show the applicable results of the Reiner–Riwlin equation
for the case of partial shear ﬂow. The rheological parameters
of yield stress and viscosity, evaluated by Eqs. (1) and (2)
are compared in Fig. 4. Assuming shear ﬂow occurred
during entire range of the sample, Eq. (1) gave a slightly
lower yield stress and higher viscosity values than those
given by Eq. (2), which calculated a partial shear ﬂow in the
sample. Further, the difference between two evaluations
increased when a sample had a higher yield stress. The
difference caused by the partial shear ﬂow was maximized
with G 0.34 showing the highest yield stress. Here, the shear
ﬂow range is considered within 29 mm of the center radius
compared with the 37 mm inner radius of the container (29/
37 = 78% in radius). The rotational radius was calculated
by R2 ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
T=2phsy
p
at 0.8 rps (0.064 N m). The other
mortar samples had an effective radius within a range of less
than 85% of the inner diameter of the container, where the
differences of the two model equations are negligible.
Therefore, Eq. (2) was applied to evaluate the rheological
parameters of the G 0.34 sample only. To further analyze the
mortar samples, the rheological properties of the base
cement paste (interstitial ﬂuid for the mortar suspensions)
were additionally measured. The sample adopts the same
mix proportion as the mortar samples, but ﬁne aggregates
were excluded (w/cm = 0.45, HRWRA = 0.6% and
VMA = 0.1%). As a result, the base cement paste sample
showed a low viscosity compared to the mortar samples and
a negligible yield stress. Applying a Newtonian ﬂuid model
evaluated its viscosity at 0.37 Pas.
Fig. 2 Dimension of the BMC cylinder container and vane.
Fig. 3 Flow curve measurement.
Fig. 4 Yield stress and plastic viscosity according to the ﬂow
assumption.
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4. Discussion
Figure 5 shows the inﬂuence of ﬁne aggregate size on the
yield stress and plastic viscosity of the mortar samples. The
round points show the G sample data to be consistent with
approximately mono-sized sand, and the triangle points
show the M sample data. Regardless of the grading char-
acteristic, the plastic viscosity gradually increases with the
smaller mean size of the ﬁne aggregates. The trend, however,
disappears when the mean size exceeds 0.7 mm. All mortar
samples showed zero yield stress and 1.7 Pas viscosity
when the mean size of the ﬁne aggregates was larger than
0.7 mm. The trend for the yield stress was also similar. That
shows the tendency of a mortar sample incorporating ﬁne
aggregates bigger than a certain size to show rheological
properties independent of its grading characteristics. The
effect of ﬁne aggregates on the resultant rheological
behavior is controlled only by its content in mix proportion,
which is also related to the workability test (Sect. 3.1)
results: No inﬂuence of mean size was found on the mini-
slump ﬂow when the sample mean size was bigger than
0.89 mm (see samples G 1.77, G 1.43 and G 0.89).
The Krieger–Dougherty model (Krieger and Dougherty
1959; Roussel et al. 2010) predicts the viscosity of the
suspension using solid volume fraction, packing density and
the intrinsic viscosity of particles:
g ¼ gs 1þ
/
/m
  g½ /m
ð3Þ
where g is the viscosity of suspension, gs is the viscosity of
the interstitial ﬂuid, / is the volume fraction of the particles,
/m is the packing density, and g½  is the intrinsic viscosity.
This model obviously shows the increased viscosity with
increased solid volume fraction (Wildemuth and Williams
1984). In this research, the solid volume fraction of the
mortar samples is applied at 0.4. The volume fraction of ﬁne
aggregates and the packing density of ﬁne aggregates were
measured as previously described. The intrinsic viscosity of
g½  in Eq. (1) was 2.5 assuming the shape of individual ﬁne
aggregate particles as non-colloidal spheres. Table 5 calcu-
lates the viscosity values of mortar and the differences
between calculated value and measured value based on the
cement paste viscosity where g0 = 0.37 Pas described in
Sect. 3.2.
The difference is within 10% excluding samples G 0.64
and G 0.34. Still it is needed to discuss the high error of G
0.64. It should be noted that its measured viscosity is out of
trend, which strongly points to measurement error. Sample G
0.34 showed extremely high viscosity, which caused the
estimation to lose its accuracy. Water absorption of ﬁnes
reportedly maximizes with smaller particles, which will be
discussed in the next paragraph. The other samples can be
explained by the Krieger–Dougherty equation, which is also
valid for the mixed sample case. Measurement of wet
packing, contrary to the dry packing adopted in this study, is
expected to decrease the difference because the hydrody-
namic properties of grains are not consistent when they are
ﬂoating in a suspended medium (Kwan et al. 2012). Addi-
tionally, as a possible factor, the chemical admixtures used in
this research are affected by changing packing density under
wet conditions, which induces errors between predicted
viscosity and dry packing density. For better prediction,
although the wet packing conditions of suspension should be
evaluated with the inﬂuence of chemical admixtures, as per
Bentz et al. (2012), it is difﬁcult to evaluate the inﬂuence of
superplasticizers on packing conditions of suspensions.
Furthermore, according to Wallevik and Wallevik (2011),
superplasticizer is considered to only affect yield stress of
cement paste; furthermore, VMA changes the medium of the
suspension rather than the particles. Although this theoretical
background as per Quiroga and Fowler (2004) and Bentz
et al. (2012) may not follow a prescribed methodology in a
practical aspect, this research agrees with their ﬁndings that
the addition of chemical admixtures to the samples can be
considered a factor causing prediction error.
The viscosity estimation error for G 0.34 was approxi-
mately 63% in Table 5, and the sample gave the highest
water absorption—more than double that of the other sam-
ples—as reported in Table 2. The following experiment was
designed to verify that the water absorption generates error
of the viscosity estimation. Two samples, G 0.45 and G 0.34,
were compared. The difference in their water absorption was
3.50%, but their packing densities were very similar, 0.633
and 0.626, respectively. Simply adding 3.50% absorbed
water to the S60 sample allows it to maintain same solid
volume fraction as G 0.45. After the absorption rate was
corrected for G 0.34, the value in parentheses, the rheology
parameters and difference to the predicted values were added
in Table 5. The prediction of rheological properties was
possible at 0.34 mm of the ﬁne aggregate sample size, while
the workability difference was observed as smaller than
0.89 mm of the ﬁne aggregate sample size. Therefore, it can
be concluded that workability decreases with decreasing
particle mean size and is only inﬂuenced by water absorption
in a range from 0.34 to 0.89 mm. Considering the water
absorption effect keeps the Krieger–Dougherty model valid,
the hydrodynamic state of the mortar samples is consistent in
the range of aggregate size.
The effect of the aggregates size, excluding the effect of
their water absorption, can be analyzed based on a looseningFig. 5 Effect of mean size of the ﬁne aggregate.
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phenomenon on the packing state. Cement paste, the inter-
stitial ﬂuid for the mortar samples, is not a liquid matter but
another suspension at a micro-scale. The maximum particle
size of Portland cement is less than 75 lm in a dry state, and
its remained the same on a 45 lm-sieve making it practically
less than 10% by mass. The cement particles place in
between the aggregate particles results in the loosening
effect on the packing of aggregates; hence, the packing
density decreases. Applying the compressive packing model
proposed by de Larrard and Sedran (2002) allows us to
consider the loosening effect, and consequent packing den-
sity for d1-dominant packing, which is calculated as
/m ¼
b1
1 y2 1 a12 b1b2
 
 y3 1 a13 b1b3
 
 y4 1 a14 b1b4
 
   
ð4Þ
where the loosening coefﬁcient of aij = H(1 - (1 - dj/
di)
1.02). The parameters b1, b2, b3,… are the packing density
of each class of particles having the diameter of d1, d2, d3,…,
respectively, and their mutual volume fractions are given by
y1, y2, y3,…, respectively. Note that the mutual volume
fractions were deﬁned the volume fraction of each-class
particles divided by the total volume fraction of all particles.
The mono-sized sand ﬁrst takes the largest class of parti-
cles, d1, and then the following classes of d2, d3,…, are
reserved for cement particles classiﬁed in its dimension.
Their packing densities can be assumed as constant,
bi = 0.634 (theoretical value for random packing), because
the packing density of mono-sized sand with a mean size of
less than 1 mm, from G 0.89 to G 0.34 in this study, was
within ±1.5% error. Thus, the b-ratio in the denominator
cancels out with the value of 1. In addition, only the packing
of sand is investigated here; then, getting rid of the packing
effect of cement particles gives
/m ¼
b1
1þ y2a12 þ y3a13 þ y4a14 þ   
ﬃ b1 1 y2a12  y3a13  y4a14    ð Þ ð5Þ
which is ﬁnally approximated by the binominal expansion.
The loosening effect from the di-sized cement particle is
yia1i 9 100% decrease in the packing density of sand. If d2-
sized particles take the remaining cement amount on the
45 lm-sieve, which is 4% of the total cement mass as an
example, the volume fraction of d2-sized particles is 0.0104
from that of the total cement amount (0.259). The value of y2
is then given by 0.0104/(0.0104 ? 0.375) = 0.0398 with
the volume fraction of sand (0.375). The coefﬁcient becomes
a12 = H(1 - (1 - 0.132)
1.02) = 0.367 with d2/
d1 = 0.045/0.34 = 0.132. Finally, the loosening effect of
cement particles larger than 45 lm decreases 1.46% of the
packing density. The decrease is within the range of ﬂuctu-
ation when the packing density of sand was measured.
Therefore, the mortar sample incorporating the smallest sand
particles (0.34 mm) was possibly predicted with the Krie-
ger–Dougherty equation. If ﬁne sand having the size of
0.1 mm is used, the loosening effect doubles and the original
Krieger–Dougherty equation would lose its predicting
accuracy. The loosening effect is expected to be maximized
if a mix (1) incorporates ﬁner sand or (2) uses coarser
cement, showing a lower percentage passing on a 45 lm-
Table 5 Comparing predicted viscosity value and measured viscosity value.
Sample Predicted viscosity (Pas) Measured viscosity (Pas) Relative error for the prediction
(%)
G 1.77 1.76 1.76 -0.02
G 1.43 1.73 1.72 -0.78
G 0.89 1.77 1.83 3.56
G 0.64 1.78 1.47 -17.54
G 0.45 1.80 1.98 9.83
G 0.34 1.82 2.971 (1.81) 63.04 (2.61)
M 1.33 1.72 1.74 1.42
M 1.04 1.67 1.69 1.33
M 0.66 1.69 1.80 6.22
Sand 1.64 1.82 10.87
Fig. 6 Decrease in packing density depending on the sand
size.
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sieve. Figure 6 shows the result of the parametric study
calculating the loosening effect, where three plots assumes
the passing percentage on a 45 lm-sieve by 94, 90 or 86%.
5. Conclusions
In this research, the rheological properties of fresh state
mortar were evaluated depending on various mean sizes of
ﬁne aggregate, and the rheological properties were predicted
using the Krieger–Dougherty model. This paper’s research
experiment results can be summarized as follows;
1. Mini-slump and channel ﬂow of mortar showed
decreased ﬂowing distance and reaching time with
smaller ﬁne aggregate grains. The workability change
according to the dimension of aggregates can be related
to the relationship between viscosity and the mean size
of the ﬁne aggregate sample.
2. The relation of torque-rotational speed can be analyzed
with the Reiner–Rivlin model for quantitative expres-
sion of yield stress and viscosity of fresh-state mortar.
From the analysis, as the mean size of the ﬁne aggregate
decreased, yield stress and viscosity of the fresh state
mortar increased. However, the size of the ﬁne aggre-
gate did not inﬂuence the yield stress when the
aggregate size exceeded 0.70 mm.
3. The Krieger–Dougherty model allows prediction of the
viscosity of mortar, and the viscosity of mortar can be
decreased with low packing density of ﬁne aggregate.
The packing density was increased from single-sized
gradation to multi-sized gradation because of ﬁlling
effect of various size particles.
4. Smaller grains of ﬁne aggregates showed higher
adsorption per unit mass. For air-dried conditions, since
the mortar including the ﬁne aggregate with higher
absorption rate decreases water-to-cement ratio, yield
stress and viscosity of the mortar can be increased. From
the absorption rate measurement, when the mean size of
the ﬁne aggregate sample is higher than 0.34 mm (S60),
the absorption rate of the ﬁne aggregate is remarkably
increased as the mean size of the ﬁne aggregate is
increased. In this case, compensating the absorption
ratio provided a more accurate prediction of viscosity
with the Krieger–Dougherty model.
5. Therefore, by using the method suggested in this
research, the viscosity of a given mortar can be
predicted by measuring the viscosity of cement paste
and packing density of ﬁne aggregate. This indicates
that accurate prediction of the rheological behavior of
mortar is possible by conducting a packing density test
of various ﬁne aggregate types.
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